Frequency encoding of quantum information together with fiber and integrated photonic technologies can significantly reduce the complexity and resource requirements for realizing all-photonic quantum networks. The key challenge for such frequency domain processing of single photons is to realize coherent and selective interactions between quantum optical fields of different frequencies over a range of bandwidths. Here, we report frequency-domain Hong-Ou-Mandel interference with spectrally distinct photons generated from a chip-based microresonator. We use four-wave mixing to implement an active 'frequency beam-splitter' and achieve interference visibilities of 0.95 ± 0.02. Our work establishes four-wave mixing as a tool for selective high-fidelity two-photon operations in the frequency domain which, combined with integrated single-photon sources, provides a building block for frequency-multiplexed photonic quantum networks.
Two-photon interference is a fundamental quantum effect with no classical analogue. Such interference is at the heart of photonic quantum information processing (QIP) and is the basis of several QIP realizations such as Bell-state measurement, boson sampling, measurementbased logic gates, and the generation of multipartite entangled Greenberger-Horne-Zeilinger (GHZ) and cluster states [1] [2] [3] [4] . In the original Hong-Ou-Mandel (HOM) interference experiment, the photon wave packets are in distinct spatial modes [5] , but are otherwise identical in their polarization, spectral and temporal properties at the input. However, subsequent experimental and theoretical work confirms it is the indistinguishability of the two-photon amplitudes at the output of the interferometer that is crucial to the observation of HOM-type interference [6] . This leads to the interesting possibility of observing quantum interference involving spectrally distinct photons. An 'active' device that coherently mixes two input frequency modes can render distinct spectral amplitudes indistinguishable, resulting in fourth-order interference with the two photons bunched in the same frequency mode [7] .
In this work, we combine frequency-entangled photons generated on-chip together with Bragg-scattering four-wave mixing (BS-FWM) in optical fiber to demonstrate frequency-domain HOM interference visibilities as high as 95%. We show interference with narrow photons less than 300 MHz in bandwidth and widely separated in frequency by 800 GHz. We predict and observe a rich two-photon interference pattern, including the phenomenon of quantum beating in the temporal domain. Novel approaches for all-photonic quantum repeaters rely on a combination of efficient single-photon sources, linear operations with beam splitters and measurementbased fusion gates to generate entangled multi-photon Greenberger-Horne-Zeilinger (GHZ) and cluster states [8, 9] . Frequency multiplexing can massively reduce the resource requirements for such all-photonic quantum networks. Frequency domain quantum operations also provide a distinct advantage in terms of the scaling of losses over spatial or polarization mode processing [10] [11] [12] . Cavity-enhanced spontaneous four-wave mixing (SFWM) in integrated microresonators produces frequency-entangled photon pairs with an effectively discrete joint spectral intensity [13] [14] [15] [16] [17] . A large number of such compact, identical sources can be integrated on a monolithic platform for the generation and manipulation of complex non-classical states of light [18] [19] [20] [21] . Our demonstration establishes BS-FWM as a tool for selective, high-fidelity two-photon operations between frequency modes of integrated microresonators.
BS-FWM is a unitary, third-order parametric process in which two strong classical pump waves mediate the interaction between the quantum fields via a third order (χ (3) ) nonlinearity (Figs. 1a and b) [22] [23] [24] [25] [26] . By controlling the power and phase of the classical fields involved, we emulate a tunable 'active' frequency beam splitter [27] . For quantum frequency conversion based on χ (2) nonlinearity, the input and target modes must be placed in different optical bands, typically separated by few tens to a hundred terahertz in order to satisfy energy conservation. Alternatively, electro-optic modulators (EOMs) can impart only small frequency shifts of the order of a few gigahertz. With BS-FWM, the use of two classical fields provides an additional degree of freedom and efficient conversion is possible for separations ranging from a few hundred GHz to a few THz [11] . This makes a BS-FWM frequency beam splitter (FBS) compatible with the typical free spectral range (FSR) of integrated microresonators and also with dense wavelength division multiplexing (DWDM) components aligned to the ITU grid. Previously, EOMs have been used in combina-tion with integrated sources to generate high-dimensional time-frequency entangled states [28] [29] [30] . Together with pulse shaping and bulk single-photon sources, EOMs have also been used to create frequency-bin entangled states and to demonstrate two-photon HOM-type interference with modes separated by up to 25 GHz [31] [32] [33] [34] [35] [36] [37] . Recently, frequency translation in a χ (2) crystal was used to demonstrate interference between a single photon and attenuated coherent laser light [38] .
We use quantum frequency translation via BS-FWM to create a coherent interaction between two quantum fields at different frequencies (ω R , ω B ), as shown in Fig. 1 . Energy conservation requires that the frequency separation between the classical pump fields (ω P 1 −ω P 2 = Ω) should match the separation of the quantum fields (ω B − ω R = Ω). Phase-matching (∆β = β R +β P 1 −β B −β P 2 , β: propagation constant) can be ensured by placing the pump fields and the quantum fields symmetrically about the zero group-velocity dispersion (GVD, β (2) = 0) point of the interaction medium. Due to the effects of third-order dispersion (β (3) ), it is possible to ensure selective phase matching such that the resulting process is a two-mode interaction without spurious side-bands (see supplementary Section S1). For such a selectively phased-matched process (∆β = 0), the mode transformations for signal and idler annihilation operatorsâ(ω R ),â(ω B ) after passing through the FBS are given by,
where υ = cos (2γP L), µ = e iφ sin (2γP L), Ω is the frequency separation of the two pump fields, P = √ P 1 P 2 depends on the power P 1 , P 2 of the two classical pumps, γ is proportional to the nonlinearity of the interaction medium, L is the interaction length, φ is the relative phase between the pumps. The subscripts (R, B) denote the red-detuned and blue-detuned frequencies re-spectively. As evident from Eq. 1 and as demonstrated in Ref. [27] , BS-FWM acts as an SU (2) transformation and can produce arbitrary single-qubit rotations in the two-dimensional frequency Hilbert space {|ω R , |ω B }.
Here, we formally establish that this process can be used for two-photon quantum interference (see Figs. 1b and c and Supplementary Section 2). We theoretically predict the conditions for observing perfect Hong-Ou-Mandel type interference for two frequency-correlated photons and show that our experimental findings are in excellent agreement with these theoretical predictions. The initial two-photon wave-function is given as,
where φ(ω R , ω B ) is the joint spectral amplitude (JSA) of the two photons. The coincidence measurement at the output corresponds to the two-photon correlation function,
The quantized electric field is related to the annihilation operator as
Combining Eqs. 2 and 3 and using standard commutation relations we obtain,
As expected, the second-order correlation function is the Fourier transform of the joint spectral intensity (JSI) of the photons. We calculate the second-order correlation function after the photons have undergone the transformation in Eq. 1. Combining Eqs. 1, 2 and 3 for the case υ = µ = 1/ √ 2, we obtain,
where we assume that the integration limits are well within the phase-matching bandwidth of BS-FWM. From Eq. 5, it is seen that perfect destructive interference occurs when the two-photon amplitude associated with both photons being frequency translated is indistinguishable from the two-photon amplitude for the case in which neither photon undergoes translation, that is when
Eqs. 4 and 5 can be explicitly evaluated for the case of photon pairs generated via CW-pumped SFWM in a ring resonator. The JSA for photon pairs generated in two symmetrically placed resonances (ω 0
, such that |l(ω, ω 0 )| 2 describes the Lorentzian response of a ring resonance centered at ω 0 with a full-width at half maximum ∆ω [39] . Equation 4 then reduces to,
Similarly, evaluating Eq. 5 results in the second-order coherence function after the 50:50 FBS,
where we have introduced the variable ∆Ω = Ω − (ω 0 B − ω 0 R ) to reflect the offset between the frequency separation Ω of the BS-FWM pumps with respect to the separation of the photon envelopes centered at ω 0 B and ω 0 R . Equation 7 shows that the observed interference depends sensitively on the offset ∆Ω. When ∆Ω = 0, G (2) (τ ) = 0 for all τ , as expected from the fact that two-photon wavefunction before and after frequency translation are completely indistinguishable. For offsets ∆Ω that are small or comparable to the resonator linewidth ∆ω, the phenomenon of quantum beating is predicted [40] . We note that this beating can only be resolved if 2π/∆Ω is much larger than the temporal resolution of the single-photon detectors [41] .
We experimentally demonstrate this detuningdependent HOM interference in agreement with these theoretical predictions using the scheme depicted in Fig. 2 . A silicon nitride microresonator is pumped with a continuous-wave (CW) laser at 1282.8 nm to generate frequency-correlated photon pairs in the O-band through SFWM. The generated photons are coupled into a single-mode fiber and combined with the classical pump fields located in the C-band for BS-FWM and sent to a dispersion-shifted fiber (Corning Vistacor). The BS-FWM pumps are intensity modulated to generate 10-ns long pulses that are amplified with an erbium-doped fiber amplifier. The polarizations of the BS-FWM pumps are aligned to the linear polarization of the input state to achieve more than 95% depletion. The pump power is then set to obtain 50% depletion such that the photons now see a device that emulates a 50:50 FBS. The two frequency arms are separated using a WDM followed by free space grating filters to extract photons that are red detuned (centered at ω 0 R ) and blue detuned (centered at ω 0 B ) by two FSRs with respect to the SFWM pump. The photons are then detected with superconducting nanowire single photon detectors, followed by coincidence counting using a time-tagging module. In order to match the BS-FWM pump separation Ω precisely to that of the two photons (ω 0 B − ω 0 R ), we perform a precise measurement of the FSR with a phase modulator (see Supplementary Section 3). We measure an FSR of 201.275 GHz, resulting in a photon separation (ω 0 B − ω 0 R )/2π = 805.1 GHz. A detailed description of the experimental system, including characterization of losses is included in Supplementary Section 3.
Our experimental results are shown in Fig. 3 and are in excellent agreement with our theoretical predictions. We obtain a photon bandwidth ∆ω/2π = 270±15 MHz from the measured cross-correlation G (2) (τ ). In order to postselect only those photon coincidences that occur within the 10-ns temporal window of the BS-FWM pumps, we perform a three-fold coincidence measurement with the arrival time of the two photons at the SNSPDs and a synchronization signal from the pumps. We then obtain suitable normalization by averaging over coincidences accumulated in 10-ns temporal windows that are not synchronized with the BS-FWM pumps (Fig. 3 , blue curves, see also Supplementary Section 3). For an integration time of one hour, we measure 2700 three-fold normalization coincidence counts within the 1/e coherence time of the photons. We introduce a visibility parameter α in Eq. 7, such that G (2) (τ ) ∝ e −∆ω|τ | 1 2 − α 2 cos ∆Ωτ . This visibility parameter α corresponds the depth of the beating signal at τ = 0 and is a direct indicator of the fidelity of our 50:50 FBS and the indistinguishability of the twophoton amplitude before and after frequency translation. Any distinguishability in other degrees of freedom such as polarization or deviation from the balanced splitting ratio degrades this extinction. As expected, when the offset ∆Ω is zero, we observe nearly complete destructive interference resulting in a flat G (2) (τ ). We measure a raw visibility of α r = 0.90 ± 0.03 from the data and extract a visibility α f = 0.92 ± 0.05 from fit to the data (Fig. 3a, red curve) . For ∆Ω/2π = 300 MHz, we obtain a raw visibility of α r = 0.95 ± 0.02 (fit visibility α f = 0.95 ± 0.04, Fig. 3b ). The high visibility of these measurements indicates that BS-FWM preserves the polarization and spatio-temporal modes of the input quantum fields after frequency translation. For higher detunings ∆Ω = 600 MHz, we see the expected increase in the amplitude of the side lobes (Fig. 3c ). We mea-sure an interference visibility of α r = 0.86 ± 0.04 (fit visibility α f = 0.90 ± 0.04) from this detuning. The reduced raw visibilities in these measurements are due to fluctuations in polarization and pump power during the hour-long measurement, and due to multi-photon noise (see Supplementary Section 3) [42, 43] . For large detuning, ∆Ω/2π = 5 GHz, the interference fringes are no longer resolved by the detection system, resulting in a double-exponential output (α = 0) as shown in Fig.  3d . Our results are summarized in Table 1 . The measured raw visibilities are consistent with the visibilities extracted from fit to the data within our measurement error, indicating excellent agreement between our theoretical predictions and experiment.
The 50:50 FBS stochastically bunches photons to the same frequency mode with a probability 1/4 even in the absence of two-photon interference (Fig. 3d, red curve) . This probability is enhanced by a factor of 2 in the presence of two-photon interference, resulting in near-perfect coalescence. We experimentally confirm this enhancement in bunching with a second-order auto correlation measurement on the blue-detuned (ω B ) frequency arm. As shown in Fig. 4 , we observe an enhancement for small pump detunings ∆Ω/2π = 300 MHz as compared to the case with large pump detunings ∆Ω/2π = 5 GHz, with a measured peak autocorrelation of 1.93 ± 0.13.
In conclusion, we have demonstrated two-photon interference in the frequency domain using an on-chip photon source with visibilities as high as 95%. In contrast to experiments based on bulk photon sources and free-space optics, we observe interference in a single spatial mode, and do not require active stabilization or alignment of interferometric paths to achieve high visibility. Selective two-photon operations are possible between arbitrary pairs of resonator modes over a large bandwidth up to a few THz (see Supplementary Figure 1d ) [11] . While multiplexing several two-photon operations will be asso-ciated with a classical resource overhead for the preparation of additional BS-FWM pumps, no additional components or losses are introduced in the paths of the photons (see Supplementary Section 4). Our demonstration can be extended to spectrally pure single-photons generated via pulsed excitation of the microresonator [39, 44] . Together with implementations of BS-FWM in nanophotonic devices [45] [46] [47] [48] , such two photon operations can be used for the on chip generation of multipartite entangled GHZ and cluster states. Our demonstration offers a path to combining on-chip photon sources, fiber-based wavelength division multiplexing and four-wave mixing for the realization of scalable frequency-multiplexed photonic quantum repeaters and networks.
